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Health effects associated with particulate matter (PM) show seasonal variations. We hypothesized
that these heterogeneous effects may be attributed partly to the differences in the elemental compo-
sition of PM. Normal human bronchial epithelial (NHBE) cells and alveolar macrophages (AMs)
were exposed to equal mass of coarse [PM with aerodynamic diameter of 2.5-10 pm (PM; 5_0)],
fine (PM, 5), and ultrafine (PM _ ¢ ;) ambient PM from Chapel Hill, North Carolina, during
October 2001 (fall) and January (winter), April (spring), and July (summer) 2002. Production of
interleukin (IL)-8, IL-6, and reactive oxygen species (ROS) was measured. Coarse PM was more
potent in inducing cytokines, but not ROSs, than was fine or ultrafine PM. In AMs, the October
coarse PM was the most potent stimulator for IL-6 release, whereas the July PM consistently stim-
ulated the highest ROS production measured by dichlorofluorescein acetate and dihydrorhodamine
123 (DHR). In NHBE cells, the January and the October PM were consistently the strongest stim-
ulators for IL-8 and ROS, respectively. The July PM increased only ROS measured by DHR. PM
had minimal effects on chemiluminescence. Principal-component analysis on elemental constituents
of PM of all size fractions identified two factors, Cr/Al/Si/Ti/Fe/Cu and Zn/As/V/Ni/Pb/Se, with
only the first factor correlating with IL-6/IL-8 release. Among the elements in the first factor, Fe
and Si correlated with IL-6 release, whereas Cr correlated with IL-8 release. These positive correla-
tions were confirmed in additional experiments with PM from all 12 months. These results indi-
cate that elemental constituents of PM may in part account for the seasonal variations in
PM-induced adverse health effects related to lung inflammation. Key words: air pollutant, inter-
leukin-6, interleukin-8, reactive oxygen species. Environ Health Perspect 113:1032-1038 (2005).
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Particulate pollution has been linked to
increased rates of morbidity and mortality
from cardiopulmonary diseases in both devel-
oped and developing countries (Borja-Aburto
et al. 1998; Dockery et al. 1993; Michelozzi
et al. 1998; Pope et al. 2002; Samet et al.
2000; Schwartz et al. 2002; Thurston et al.
1994). Although the association between
particulate matter (PM) exposure and adverse
health effects is generally positive, the mag-
nitude of associations among different geo-
graphic locations varies (Samet et al. 2000).
Such variability has been attributed partly to
the different composition of PM in different
geographic locations (Artinano et al. 2003;
Claiborn et al. 2000; Roemer et al. 2000;
Roosli et al. 2000; Vega et al. 2002).

PM from different seasons also may have
different toxicity profiles. One study examining
two major metropolitan areas in the United
States showed that the associations of air pollu-
tion with mortality had considerable hetero-
geneity with seasonal variability (Moolgavkar
2003). Another study in Germany found a
greater decrease in peak flow rate in patients
with chronic bronchitis, emphysema, and
asthma for May and June compared with
December (Franke et al. 1992). Particle-
induced increases in mortality are greater in the
summer months than in the winter months
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(Goldberg et al. 2003). A single-city analysis
showed that the PM effect was the highest in
spring and summer when the anthropogenic
concentration of coarse PM is the lowest
(Smith et al. 2000). One hypothesis for such
variable associations is that particles from differ-
ent seasons consist of different proportion of
specific size fractions and therefore have differ-
ent toxicity profiles. Epidemiologic studies have
indicated that fine particles may be more toxic
because these particles are derived from indus-
trial, domestic heating, and traffic-related emis-
sion sources and contain abundant transition
metals (Anderson et al. 2001; Klemm et al.
2000; Schwartz et al. 2002; von Klot et al.
2002). On the other hand, ultrafine particles
also have been suggested to be more toxic
because of the large surface area available for
biologic interactions with lung cells (Utell and
Frampton 2000).

Alternatively, the composition of PM in
different seasons may account for the differ-
ent toxicity (Clarke et al. 1999; Huang et al.
2003a; Obot et al. 2002). During the disas-
trous London smog episodes in December of
1952, smoke and sulfur dioxide levels were
10 times higher than those of other months
of the same year (Lioy and Zhang 1999).
Although the high mortality had been linked

to the high pollutant mass, the composition

of the particles of that month was likely vastly
different because there was increased com-
bustion of bituminous coal and local atmos-
pheric stagnation. In modern days, ambient
particles do not reach such a high level, but
the composition of particles in different sea-
sons can still vary many-fold as the contribu-
tions from the natural and anthropogenic
sources change from season to season (Lioy
and Zhang 1999).

In this study, we hypothesized that differ-
ences in the elemental constituents of PM
may account partly for the variable health
effects induced by PM from different seasons.
We exposed human alveolar macrophages
(AMs) and normal human bronchial epithe-
lial (NHBE) cells to the same mass of PM of
different size fractions collected in different
seasons in Chapel Hill, North Carolina. The
release of interleukin (IL)-6/IL-8 and the pro-
duction of reactive oxygen species (ROSs)
were assessed. We used principal-component
analysis in conjunction with multiple linear
regression analysis to determine the contri-
bution of particle components to changes in
these end points.

Materials and Methods

Particle collection and extraction. Particles
were collected monthly from October 2001
to September 2002 in Chapel Hill, North
Carolina, outside the U.S. Environmental
Protection Agency (EPA) Human Studies
Facility using a ChemVol model 2400 high-
volume cascade impactor (Rupprecht &
Patashnick Co., Albany, NY) (Figure 1).
Coarse PM [PM 2.5-10 pm (PM, 5_19)] and
fine PM [PM < 2.5 pm (PM, 5)] particles were
collected for 1 week onto polyurethane foam
(PUF; McMaster-Carr, Atlanta, GA), which
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was previously cleaned with methanol and
water and dried under sterile conditions.
Ultrafine particles [PM < 0.1 pm (PM_g1)]
were collected onto G5300 filters (Monandock
Non-Wovens LLC, Mt. Pocono, PA).

The foam or filter was prewetted with a
small amount of 70% ethanol, and endotoxin-
free water was added to a total volume of
40 mL. The particles were removed from the
foam or filter by sonication for 1 hr in a water
bath (FS220; Fisher Scientific, Pittsburgh,
PA). The foam was removed, and particles
were then lyophilized.

Analysis of particle constituents. Five mil-
ligrams of particles of different size fractions
were mixed with 15 mL sterile water to pro-
duce particle solutions at 0.33 mg/mL. The
constituent elements in these particle solutions
for each fraction of PM from each month
were analyzed by Research Triangle Institute
(Research Triangle Park, NC) using inductively
coupled plasma mass spectroscopy and induc-
tively coupled plasma atomic emission spec-
troscopy and are expressed as nanograms per
milliter. The detection limits (nanograms per
milliter) for each element are as follows: alu-
minum, 10; arsenic, 0.1; chromium, 0.5; cop-
per, 1.0; iron, 10; lead, 0.2; nickel, 0.05;
selenium, 0.8; silicon, 20; titanium, 0.5; vana-
dium, 0.5; zinc, 0.8. The elemental con-
stituents of the particles were expressed relative
to the particle mass in ng/mg of particle.

Culture of NHBE cells and AMs. We
obtained NHBE cells and AMs from normal
individuals through bronchial brushings and
cultured them as described previously (Ghio
et al. 2000; Huang et al. 2003a). Subjects
were informed of the procedures and poten-
tial risks, and each signed an informed
consent. The protocol was approved by the
University of North Carolina School of
Medicine Committee on Protection of the
Rights of Human Subjects and by the U.S.
EPA. Bronchoscopic brushings were per-
formed following the same operation guide-
lines. NHBE cells adherent to the brushes were
treated for 15 min at room temperature with
1 mM dithiothreitol (Sigma, St. Louis, MO)
in bronchial epithelial cell growth medium
(BEGM; Clonetics, San Diego CA) supple-
mented with bovine pituitary extract, insulin
5 pg/mL, hydrocortisone 0.5 pg/mL, gentam-
icin 50 pg/mlL, retinoic acid 0.1 ng/mL, trans-
ferrin 10 pg/mL, triiodothyrodine 6.5 ng/mL,
epinephrine 0.5 pg/mL, and human epidermal
growth factor 0.5 ng/mL, and dislodged from
the brushes by pipetting. The cells were then
plated at a density of 1 X 103 viable cells/cm?
in 12-mm cluster plates that were precoated
with 50 mg/mL human placental collagen
type IV (Sigma) and used after passage 2 or 3
when the cells were judged to be 75-95%
confluent. Typically at confluency, NHBE
cells in the 12-well plate (catalog no. 3512;

Costar, Corning, NY) had a density of
300,000-500,000 cells/well in 2 mL of
BEGM. NHBE cells were then exposed to
equal concentrations of coarse and fine PM in
BEGM for 18-24 hr. Supernatants were col-
lected, centrifuged at 1,200 rpm for 10 min
to pellet any nonadherent cells, and then
transferred to cryovials for storage at —80°C
until analyzed.

For AMs, bronchoalveolar lavage (BAL)
was performed in the right middle lobe and
lingular segment of the left upper lobe. BAL
samples were put on ice immediately and
centrifuged at 300 X g for 10 min at 4°C. The
lavaged cells were washed once with ice-cold
RPMI-1640 medium with 20 mg/mL gentam-
icin (Life Technologies, Rockville, MD). Cell
counts were performed using a hemacytome-
ter. Cytocentrifuge slides were prepared and
stained with Diff Quick (Leukostat Solution;
Fisher Scientific) to check for AM purity. The
cell preparation consisted of 85-95% AMs.
The viability of AMs was determined by try-
pan blue exclusion. Viability exceeded 85% in
all samples. AMs at 2-3 X 105 cells in 1 mL
of RPMI-1640 supplemented with 2.5%
fetal bovine serum (Life Technologies) were
exposed to PM for 18 hr in 5-mL polypropy-
lene tubes. Supernatants were collected and
stored frozen until assayed for cytokines.

ELISA assays. We measured IL-6 and
IL-8 in the medium by ELISA kits (R&D
Systems, Inc., Minneapolis, MN) according
to the manufacturer’s recommendations.

Detection of production of ROSs.
Dihydrorhodamine 123 (DHR) at 5 utM
(Molecular Probes, Eugene, OR; catalog no.
D-632) or 2’,7’- dichlorofluorescein diacetate
(DCEF) at 20 uM (Molecular Probes; catalog
no. D-399) was preloaded into cells at 37°C
for 20 min. Cell suspension (100 pL) was
pipetted into individual wells of a 96-well
plate (catalog no. 3610; Costar) in triplicate.
The signals were read every 5 min for 1 hr
using a Bioassay HTS7000 plate reader
(Perkin Elmer, Inc., Wellesley, MA) with
HTSoft software (version 1.0; PE Applied
Biosystems, Weiterstadt, Germany). The
excitation and emission wave lengths were
485 nm and 595 nm, respectively, for DHR,
and 485 nm and 535 nm, respectively, for
DCEF. Generation of ROSs over 1 hr was cal-
culated by subtracting the optical density at
baseline from that at 1 hr. Data are expressed
as fold change over control cells. DCF meas-
ures primarily intracellular hydrogen peroxide
(Yuan et al. 1993) and nitric oxide (Rao et al.
1992). DHR is the uncharged and nonfluo-
rescent reduction product of the mitochon-
drion-selective dye rhodamine 123. The dye
passively diffuses across the cell membranes,
where it is oxidized to cationic rhodamine 123,
which localizes in the mitochondria. DHR
reacts with hydrogen peroxide in the presence
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of peroxidase, cytochrome ¢, or Fe** (Royall
and Ischiropoulos 1993), and peroxynitrite
(Kooy et al. 1994).

Chemiluminescence. AMs and NHBE cells
were pipetted in triplicate into 96-well plates
(catalog no. 3610; Costar). Particles were then
added at desired concentrations followed
by the addition of 200 pL luminol reagent
(0.4 mM in Gey’s balanced salt solution with
no bicarbonate). The plate was read using a
Tropix TR717 microplate luminometer (PE
Applied Biosystems) and WinGlow (version
1.24; Berthold Technologies GmbH & Co.
KG, Bad Wildbad, German) software package
for 1-2 hr. Luminol can detect peroxidase- or
metal-mediated oxidative events.

Statistical analysis. We compared data
from different months using one-way analysis
of variance (ANOVA) followed by the Tukey’s
multiple comparison post-test. This was per-
formed using Statview (version 5.0.1; SAS
Institute Inc., Cary, NC).

We used exploratory principal-component
analysis to examine how components of PM
vary together (Stevens 2002). Although the
sample size available for analysis was small, the
results of Preacher and MacCallum (2002) sug-
gest that good factor recovery can be achieved
with very small sample sizes. Data from all 4
months and all three particle fractions were
included. The number of factors retained was
determined using the Kaiser’s stopping rule and
scree plots. For interpretation, principal com-
ponents were rotated using the varimax rotation
method, an orthogonal rotation procedure. We
interpreted the individual principal compo-
nents using factor loadings (i.e., the Pearson
correlation between each variable and the fac-
tor). Variables with a factor loading score > 0.6

Xﬁain cap

X Ambient air
X PM, stage

- — ]

Ambient air (greased or PUF)

F———— =21 PM, ; PUF stage
== e—— -
Coarse PM foam
= + PM, , PUF stage

Fine PM foam

Ultrafine PM foam

i Ultrafine
filter stage

i Exit

Figure 1. A schematic for the ChemVol model 2400
high-volume cascade impactor. The ambient air
sample stream enters the sampler from the top
between the rain cap and the PM;, stage and exits
from the bottom. The cascade impactor contains
a PM;, stage for collecting particles > 10 pm in
diameter, a PM, 5 stage for collecting coarse PM
(PM;5_10), @ PMg 4 stage for collecting fine PM
(PMg.1_25), and an ultrafine filter for collecting ultra-
fine PM (PM, g 1). The figure has been modified from
the original schematic provided by Thermo Electron
Corporation (R&P Products) with permission.
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were used to assist in interpretation of rotated
factors. Factor scores obtained from this analy-
sis were used in linear regression analyses to
determine the association between factors and
cytokine and ROS measurements.

Forward stepwise linear regression analysis
(with entry criteria of p < 0.10) was also per-
formed to determine the association between
individual particle elements (independent vari-
ables) and the end points that were associated
with the factors identified above (dependent
variables). Only linear terms of the indepen-
dent variables were considered. Both R? values
and p-values indicating overall model signifi-
cance are reported. The general goal of this
analysis was to identify independent variables
showing significant association with the
dependent variable.

Results

Elemental composition of PM fractions. The
months of October 2001, January 2002, April
2002, and July 2002 were selected to represent
fall, winter, spring, and summer, respectively.
The elemental compositions of PM of differ-
ent size fractions from these four months are
shown in Table 1. The coarse fraction con-
tained more Al, Fe, Si, Cu, and Ti than did
other fractions, whereas the ultrafine fraction
contained more As, Pb, and Zn. There was no
correlation between season and PM elements.
Table 2 shows the correlations between each
pair of elemental components of PM.

Cytokine induction by PM. In general,
coarse PM induced a greater increase in IL-6
release compared with fine and ultrafine PM
in AMs (Figure 2). Coarse PM also stimu-
lated a greater increase in the release of IL-8
than fine and ultrafine PM in NHBE cells
(Figure 2).

The potency for PM from different seasons
to induce these inflammatory mediators, how-
ever, varied. For coarse particles, the October
PM were the most potent in inducing IL-6 in
AMs, whereas for ultrafine particles, the ultra-
fine PM for January and April were more
potent than particles from the other two
months. In NHBE cells, the January PM con-
sistently had stronger effects on IL-8 release
than did PM from other months for all three
size fractions. The only exception was the April
coarse PM, which was as potent as the January
coarse PM. The differences in potency were as
much as several-fold.

ROS production stimulated by PM. ROS
production was assessed by three different
probes: DCF, DHR, and chemiluminescence.
The April and July PM were more potent in
increasing DCF signals than was PM from
other months regardless of their size fractions
in AMs, whereas the October and April PM
were more potent in NHBE cells (Figure 3).
For DHR signals, the July PM was consis-
tently the most potent stimulator in AMs,
whereas the October and July PM were more
potent in NHBE cells (Figure 4). The April

Table 1. Elemental constituents of coarse (C), fine (F), and ultrafine (UF) fractions of PM (ng/mg).

coarse PM also increased DHR signals by
2-fold. The differences in potency to stimulate
ROS detectable by DCF and DHR were as
much as several-fold. For chemiluminescence,
only coarse PM (1.2- to 1.7-fold of control)
and residual oil fly ash (ROFA; 1.8-fold of
control) had mild stimulatory effects in AMs
(Huang et al. 2003b). There were no increases
in chemiluminescence in NHBE cells by any
of the particles.

Association of source factors with cytokine
and ROS end points. We determined whether
or not differences in particle constituents may
account for the variable potency for PM to
induce cytokine and ROS production. Using
principal-component analysis, we identified
two factors in PM elements. The first factor
consisted of Cr (factor load = 0.99), Al (factor
load = 0.96), Si (factor load = 0.94), Ti (factor
load = 0.94), Fe (factor load = 0.91), and Cu
(factor load = 0.74) as the significant loading
variables. The second factor consisted of Zn
(factor load = 0.90), As (factor load = 0.85), V
(factor load = 0.80), Ni (factor load = 0.78),
Pb (factor load = 0.75), and Se (factor load =
0.73) as the significant loading variables.
The factor regression analyses indicated that
only factor 1 was associated with the release
of IL-8 (adjusted R? = 0.548, p = 0.017) and
IL-6 (adjusted R? = 0.532, p = 0.020). There
was a trend for factor 2 in association with
ROS end points, but the associations were not
statistically significant.

Particles (ng/mg)

October 2001 January 2002 April 2002 July 2002

Element C F UF F UF C F UF C F UF ROFA
Al 5700.0 1665.0 1677.0 14430.0 891.0 714.0 5850.0 930.0 1224.0 2610.0 1380.0 948.0 9400.0
As 7.2 59.1 111.0 14.4 76.5 1251 10.2 447 75.9 9.0 29.1 58.2 —
Cr 16.5 10.8 12.9 315 9.9 10.2 15.9 10.2 14.4 18.3 6.0 10.8 —
Cu 1947 146.4 192.0 1971 102.3 1125 230.1 71.7 94.2 2415 80.7 150.0 —
Fe 9060.0 3396.0 834.0 14430.0 2064.0 717.0 8190.0 1713.0 981.0 10620.0 1590.0 879.0 51200.0
Pb 32.1 138.6 136.5 70.2 2241 236.7 396 1332 181.2 59.1 103.5 181.2 6700.0
Ni 17.7 7.8 327 30.3 27.6 294 22.8 26.7 309 17.4 114 36.3 36600.0
Se 8.7 63.6 72.6 1.1 105.0 149.4 17.1 70.8 62.4 19.8 55.2 51.3 —
Si 4980.0 1206.0 840.0 14370.0 915.0 849.0 6450.0 729.0 924.0 9360.0 1602.0 1098.0 26100.0
Ti 1221 34.2 75 276.9 33.6 141 116.4 21.0 18.9 164.1 294 16.5 1300.0
V 21.0 58.8 57.0 39.6 55.5 65.7 21.0 66.0 54.6 24.3 23.1 27.9 58200.0
n 348.0 933.0 1731.0 714.0 1116.0 2532.0 522.0 663.0 NA 381.0 387.0 669.0 —
Abbreviations: —, no data; NA, not applicable. The constituents of ROFA were from Kadiiska et al. (1997).
Table 2. Correlation coefficients for each pair of elemental components in all three size fractions of PM.

Al As Cr Fe Pb Ni Se Si Ti V n
Al 1.000 0.661 0.951 0.705 0.978 0.705 0.142 0.726 0.992 0.992 0.457 0.402
As 0.661 1.000 0.468 0.424 0.742 0.851 0.570 0.892 0.654 0.679 0.748 0.922
Cr 0.951 0.468 1.000 0.659 0.900 0.535 0.144 0.600 0.936 0.942 0.249 0.219
Cu 0.705 0.424 0.659 1.000 0.714 0.659 0.023 0.669 0.672 0.637 0.493 0.245
Fe 0.978 0.742 0.900 0.714 1.000 0.754 0.255 0.762 0.963 0.979 0.497 0.245
Pb 0.705 0.851 0.535 0.659 0.754 1.000 0.541 0.919 0.657 0.663 0.675 0.714
Ni 0.142 0.570 0.144 0.023 0.255 0.541 1.000 0.340 0.136 0.159 0.493 0.516
Se 0.726 0.892 0.600 0.669 0.762 0.919 0.340 1.000 0.689 0.698 0.755 0.833
Si 0.992 0.654 0.936 0.672 0.963 0.657 0.136 0.689 1.000 0.990 0.455 0.394
Ti 0.992 0.679 0.942 0.637 0.979 0.663 0.159 0.698 0.990 1.000 0.445 0.421
V 0.457 0.748 0.249 0.493 0.497 0.675 0.493 0.755 0.455 0.445 1.000 0.719
n 0.402 0.922 0.219 0.245 0.485 0.714 0.516 0.833 0.394 0.421 0.719 1.000
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Association of individual PM elements
with cytokine release. We also performed for-
ward stepwise linear regression analysis using
the individual PM elements to determine
which element in factor 1 was associated with
the release of IL-6 and IL-8. For IL-6, Fe and
Si had positive association (model R? =
0.625, p = 0.001). For IL-8, Cr had a positive
association (model R% = 0.638, 2 =0.0006).
Because the above analyses combined all
data from PM of different-size fractions, we
further determined whether the association
between these elements with IL-6 and IL-8
would be retained within PM of the same size
fraction. We analyzed the release of IL-6 and
IL-8 from AMs and NHBE cells incubated
with PM from all 12 months, respectively.
Again, coarse particles in general were more
potent than fine and ultrafine particles regard-
less of the month, and the potency for PM to
induce IL-6/IL-8 production varied signifi-
cantly (Figure 5). Fe and Si were positively
associated with IL-6 release in AMs incubated
with the coarse but not the fine or ultrafine
fraction (Figures 6, 7). Cr was positively asso-
ciated with IL-8 release in NHBE cells incu-
bated with fine and ultrafine fractions but not
the coarse fraction (Figure 8).

Discussion

Our study incubated human AMs and NHBE
cells with the same mass of PM of different size
fractions collected from different seasons in an
attempt to address the mechanism of seasonal
variations in the PM-associated health effects.
We confirmed that PM of all size fractions
induced the release of IL-6 and IL-8 from AMs
and NHBE cells, respectively (Alfaro-Moreno
et al. 2002; Becker et al. 2003; Steerenberg
et al. 1998; Tao et al. 2003; Tao and Kobzik
2002), and the coarse fraction was in general
more potent than the fine and ultrafine frac-
tions regardless of the month (Becker et al.
2003). For the production of ROSs, however,
all three fractions of PM had similar potency
when PM from the same month was compared.
These results indicate that PM containing
more particles in the coarse fraction may have
greater proinflammatory potential. ROFA,
which is a prototypical particle with high metal
content, was in general less potent in stimulat-
ing the inflammatory mediators and ROS pro-
duction than was the Chapel Hill PM. The
smaller effects of ROFA on DCF and DHR
may reflect the inability of these dyes to detect
some of the ROSs stimulated by ROFA (e.g.,
hydroxyl radical-like species). Previous studies
have shown that oil fly ashes with high metal
content produce oxidation of DNA characteris-
tic of hydroxyl radical formation (Prahalad
et al. 2000, 2001). The smaller effects on the
production of IL-6 and IL-8 by ROFA indicate
that other nonmetal components of particles
may be required for enhancing the effects. One
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such component is endotoxin, which is more
abundant in PM with aerodynamic diameter of
10 pm (PM() (Becker et al. 1996, 2003;

When PM from different months were
compared within their size fractions, the effects
on IL-6, IL-8, and ROS production show sig-

Soukup and Becker 2001). nificant heterogeneity, and the differences
0 Al LI
— == Oct 2001
1 Jan 2002 ~
= Apr 2002 g
< 15 w2 | 5 .
g g —
s = 6 — =i
] o [
= = ~
] ]
: :
= =
2 1
Coarse Fine Ultrafine ROFA 0 Coarse Fine Ultrafine ROFA
AM NHBE

Figure 2. Production of (A) IL-6 by AM and (B) IL-8 by NHBE cells stimulated with coarse, fine, and ultrafine
Chapel Hill pollution particles collected in four different months. The control IL-8 and IL-6 concentrations
were 1.7 £ 0.2 ng/mL and 198 + 5 pg/mL, respectively. Particles were added to NHBE cells at 11 pg/mL and
to AMs at 50 pg/mL.

*Tukey adjusted p-value < 0.05; n = 3-4 each. The dashed line denotes 1.0 (no change over control). The brackets indicate
the groups that are significantly different by ANOVA and the Tukey subtest.

= Oct 2001
1 Jan 2002
== Apr 2002
* . Jul 2002

DCF (fold change)
]
DCF (fold change)

ROFA Coarse Fine Ultrafine

NHBE

Figure 3. Production of ROSs measured by DCF in (A) AM and (B) NHBE cells stimulated with coarse, fine,
and ultrafine Chapel Hill pollution particles collected in four different months. Particles were added to NHBE
cells at 11 pyg/mL and to AMs at 50 pg/mL. In general, NHBE cells appeared to be more responsive to PM
than the AMs because increases in DCF signals were similar between the two cell types even though NHBE
cells were exposed to lower doses of PM.

*Tukey adjusted p-value < 0.05; #p < 0.05 versus control (ratio = 1.0) by the one-group Student t-test; n = 3-4 each. The dashed
line denotes 1.0 (no change over control). The brackets indicate groups that are significantly different by the Tukey subtest.

Ultrafine
AM

Coarse Fine

B Oct 2001
1 Jan 2002
= Apr 2002
. Jul 2002

DHR (fold change)
DHR (fold change)

ROFA

Coarse Fine

NHBE

Ultrafine

Coarse Fine

AM

Ultrafine ROFA

Figure 4. Production of ROSs measured by DHR in (A) AM and (B) NHBE cells stimulated with coarse, fine,
and ultrafine Chapel Hill pollution particles collected in four different months. Particles were added to
NHBE cells at 11 pg/mL and to AMs at 50 pg/mL. In general, NHBE cells appeared more responsive to PM
than were AMs because increases in DHR signals were similar between the two cell types even though
NHBE cells were exposed to lower doses of PM.

*Tukey adjusted p-value < 0.05; n = 3-4 each. The dashed line denotes 1.0 (no change over control). The brackets indicate
groups that are significantly different by ANOVA and the Tukey subtest.
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between the most and the least potent were
several-fold. For example, the October coarse
PM was twice as potent as was the April coarse
PM for IL-6 release in AMs, and the January
coarse PM was twice as potent as the July
coarse PM for IL-8 release in NHBE cells. For
DCEF, the April fine PM was three times as
potent as the January fine PM in AMs, whereas

40
m ] Coarse
35 I Fine
B Ultrafine
30

IL-6 (fold change)

0
OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY AUG SEP
2001 <—||—> 2002 Month

the October ultrafine PM was two and a half
times as potent as the January ultrafine PM in
NHBE cells. On the other hand, the July PM
regardless of the size fraction was two to three
times as potent as the October PM in increas-
ing the DHR signal in AMs, whereas the
October and July PM were at least three times
as potent as the January PM in NHBE cells.
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Figure 5. Effects of PM from 12 different months on the release of (A) IL-6 in AMs and (B) IL-8 in NHBE

cells. Particles were added to AMs at 50 pg/mL and

to NHBE cells at 11 pg/mL. The data for December

ultrafine PM were not available and were omitted in the figure; n=3-4 each.
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DCF measures intracellular oxidants (e.g.,
H,0, and NO), whereas DHR measures reac-
tive species (e.g., H,O, and peroxynitrite) pro-
duced in the mitochondria. Thus, the different
patterns of DCF and DHR induced by the
particles indicate that PM is capable of enhanc-
ing the production of ROSs from different
enzymatic sources in different subcellular com-
partments. These results also raise the hypothe-
sis that ROSs produced from different sources
may be associated with different PM-induced
health effects.

Several previous studies have shown that
the association of PM with mortality was
stronger for the warmer months. A meta-
analysis of time-series studies of air pollution
and mortality showed that the effect size for
PM-associated respiratory mortality was
greater for summer months (Stieb et al. 2002).
Another study examining the daily mortality
from congestive heart failure in Canada
showed stronger association with PM from the
warmer season (Goldberg et al. 2003). One
other study analyzed air pollution and daily
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Figure 6. Correlations between Fe and IL-6 release in AMs incubated with (A) coarse, (B) fine, and (C) ultrafine PM from 12 months. The dashed line represents
the linear regression line. The overall model p-values for coarse, fine, and ultrafine PM were 0.012, 0.0002, and 0.103, respectively. R = 0.4862 and 0.7704 for

coarse and fine particles, respectively.
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Figure 7. Association between Si and IL-6 release in AMs incubated with (A) coarse, (B) fine, and (C) ultrafine PM from 12 months. The dashed line represents the
linear regression line. The overall model p-values for coarse, fine, and ultrafine PM were 0.034, 0.016 (0.507 if the data with the largest Si concentration are
excluded), and 0.182, respectively. R? = 0.3747 for coarse PM.
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mortality in two U.S. counties and showed
that the exposure-response relationship was
stronger for the warmer season (Moolgavkar
2003). In our study, PM from the warmest
month (July) was consistently a potent
inducer for ROS production in both cell
types. Although these results tend to support
the observations in the above epidemiologic
studies, it should be noted that in our study
we investigated PM collected only over a
1-year cycle. Whether or not these results can
be generalized will require studies using PM
from multiple years. If PM from the warmer
months from multiple years does have similar
potency, it would raise the hypothesis that the
capacity for PM to induce oxidative stress may
be an important determinant for PM-induced
mortality.

In contrast, the cytokine-inducing capabil-
ity of PM did not show seasonal predilection.
Instead, the size of the PM seems to determine
the potential for cytokine induction; that is,
the coarse PM is in general a more potent
inducer of IL-6 and IL-8 than is the fine or
the ultrafine PM. PM < 10 pm in diameter is
more likely to enter the lung during inhala-
tion. In a resting person breathing nasally, up
to 20% of the inhaled coarse PM (PM,s_;0)
may be deposited in the distal lung (Raabe
1999). This fraction can increase to 60% if
the person is breathing orally. Our in vitro
findings provided a mechanistic support for
previous epidemiologic studies in which expo-
sure to PMj is linked to increased respiratory
illnesses (Schwartz 1996). PM containing
more of the coarse fraction may produce more
intense pulmonary inflammation.

The heterogeneous effects of PM from dif-
ferent months within the size fraction on
cytokine release and ROS production also sug-
gest that factors other than particle size may be
important. In our study, we hypothesized that
particle components may contribute to this
heterogeneity. We correlated the elemental
components of PM with the cytokine and
ROS end points using the principal-compo-
nent analysis. We found that a factor consist-
ing of Cr/Al/Si/Ti/Fe/Cu was associated with
IL-6 and IL-8 release. Further analyses of our
data showed that of the elements in this factor,
Fe and Si correlated positively with IL-6
release whereas Cr correlated with IL-8 release.
These positive associations were largely con-
firmed when data from additional experi-
ments using PM from all 12 months were
analyzed (Figures 6-8). A factor containing Fe
was associated with pulmonary neutrophilic
inflammation in our previous study that
exposed normal human volunteers to Chapel
Hill concentrated ambient particles (Huang
et al. 2003a). The fine crustal factor (Si), how-
ever, was not associated with increased daily
mortality in a study of six U.S. cities (Laden
et al. 2000).

Another factor (Zn/As/V/Ni/Pb/Se) was
also identified. Our factor regression analysis,
however, showed only a trend toward associa-
tions between this factor and ROS produc-
tion. Elements in this factor derive primarily
from various burning processes (coal, oil)
(Nriagu and Pacyna 1988). A trend toward
increased daily mortality has been linked to
vanadium in some cities such as Boston and
Steubenville, Ohio (Laden et al. 2000). Note
that PM from the warmest month (July) was
the strongest stimulator for ROS production,
and this coincides with the increased mortal-
ity in the warmer months observed in several
epidemiologic studies (Goldberg et al. 2003;
Smith et al. 2000). How the ROS-stimulating
potential of PM may be linked mechanisti-
cally to the increased mortality is unclear, but
it seems that the contribution of factors other
than the elemental composition would need
to be considered.

One such factor may be the content of
organic compounds, which may vary in PM
from different seasons. Ethanol used in our
study to extract PM would have removed most
organic compounds. The potency for the
ethanol-extracted PM of all three size fractions
to stimulate IL-8 release from NHBE cells,
however, did not change compared with PM
extracted by water (data not shown). The sur-
face area of PM may also be an important fac-
tor. Our experiment exposed the cells to the
same mass of PM. The ultrafine fraction of
PM would have the greatest surface area, but
the ultrafine PM was not the most potent
inducer for IL-6, IL-8, and ROS production in
our study. The ultrafine PM may have con-
glomerated when added to the culture medium
and thus decreased its effective surface area.
More microbial products (e.g., endotoxin) are
associated with coarse PM and may partially
explain the greater effects on inflammatory
mediators by the coarse PM (Becker et al.
1996, 2003; Soukup and Becker 2001).

The concentrations of particles to which
NHBE cells and AMs were exposed were higher
than the one-time exposure in most ambient
settings in humans. This concentration, how-
ever, may be reached in highly polluted metro-
politan areas (Calderon-Garciduenas et al.
2001a, 2001b) or during natural disasters,
such as a forest fire (Tan et al. 2000). Under
these conditions, PM concentrations may reach
> 50 pg/m>. If a person exercises at 30 L/min
of ventilation for 1 hr under this condition,
assuming the volume of epithelial lining fluid is
20—40 mL (Rennard et al. 1986), the concen-
tration of PM to which AMs and bronchial
epithelial cells are exposed in vivo may be as
high as 50 pg/mL.

In summary, our study demonstrated
that PM from different seasons had different
potency for stimulating the production of
proinflammatory mediators and ROSs in

Environmental Health Perspectives « vorume 113 | numser 8 | August 2005

human AMs and NHBE cells. The potency for
inducing the release of proinflammatory medi-
ators may be related in part to the content of
PM elements of crustal origin, but the mecha-
nisms for the variable potency for stimulating
ROS production remain unclear and likely
involve factors in addition to elemental con-
stituents. PM from different seasons and geo-
graphical locations contain different elemental
compositions that are affected by changes in
local environment and weather conditions.
Our study identified several elemental bio-
markers that may help improve the prediction
of health risks associated with PM exposure
regardless of where and when the exposure
occurs. This hypothesis will need to be tested
in future studies.
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